Recently, we have discovered an endogenous cholinergic pathway for angiogenesis mediated by endothelial nicotinic acetylcholine receptors (nAChRs). Since angiogenesis plays a major role in wound repair, we hypothesized that activation of nAChRs with nicotine would accelerate wound healing in a murine excisional wound model. In genetically diabetic and control mice full-thickness skin wounds (0.8 cm) were created on the dorsum and topically treated over 7 days with either vehicle (phosphate-buffered saline, PBS) or nicotine (10 ؊8 mol/L, 10 ؊9 mol/L; each, n ‫؍‬ 5). Wound size was measured over 14 days followed by resection, histological analysis, and quantitation of vascularity. In diabetic animals an agonist (epibatidine, 10 ؊10 mol/L) or antagonist (hexamethonium, 10 ؊4 mol/L) of nAChRs as well as the positive control basic fibroblast growth factor (bFGF, 25 g/kg) were also tested. To further study the role of endothelial nAChRs in angiogenesis, we used an ex vivo vascular explant model. In diabetic mice wound healing was markedly impaired. Nicotine significantly accelerated wound healing as assessed by closure rate and histological score. The effects of nicotine were equal to bFGF and were mimicked by epibatidine and blocked by hexamethonium. Histomorphometry revealed increased neovascularization in animals treated with nicotine. Furthermore, capillary-like sprouting from vascular explants was significantly enhanced by nicotine. In conclusion, agonist-induced stimulation of nAChRs accelerates wound healing in diabetic mice by promoting angiogenesis. We have discovered a cholinergic pathway for angiogenesis that is involved in wound healing, and which is a potential target for therapeutic angiogenesis. 
altered blood cell rheology, glycation of cell membrane components, and impaired angiogenesis. Of these, angiogenesis plays a pivotal role as it is required for wound repair. 2 Neovascularization is regulated by a finely tuned balance of angiogenic and anti-angiogenic factors. Consequently, recent research has focused on the potential role of stimulators and inhibitors of angiogenesis.
A variety of angiogenic growth factors including platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), transforming growth factor ␣ (TGF-␣), insulin-like growth factor (IGF), and epidermal growth factor (EGF) have been shown to accelerate wound healing in diabetic animal models. [3] [4] [5] [6] [7] Conversely, inhibitors of angiogenesis, such as TNP-470, delay wound repair in diabetic mice. 8 In humans, recombinant PDGF improved wound healing in patients suffering from cutaneous diabetic ulcers or pressure sores. 9, 10 We have recently demonstrated that nicotine, a major constituent of tobacco smoke, promotes angiogenesis in vitro and in vivo. 11 Nicotine increased proliferation and tube formation of endothelial cells in an in vitro assay. Furthermore, in a murine model of hind-limb ischemia, intramuscular injections of nicotine increased capillary density, enhanced collateral size and number, and augmented blood flow. 11 The angiogenic effects of nicotine are mediated by nicotinic acetylcholine receptors (nAChRs). Stimulation of these endothelial receptors induces changes in the growth, morphology, and function of cultured endothelial cells that are characteristic of the response to angiogenic factors. 12, 13 Based on our previous work, we hypothesized that administration of nicotine might enhance angiogenesis and accelerate wound repair in a diabetic murine excisional wound model.
Materials and Methods

Animals
Eight-to twelve-week-old female BKS.Cg-m ϩ/ϩ Lepr db mice (n ϭ 65; 40 to 50 g, stock number 000642, Jackson Laboratories, Bar Harbor, ME) were used. Homozygous mutant mice are polyphagic, polydipsic and polyuric, and display similar metabolic perturbations as observed in human type II diabetes such as obesity, hyperglycemia, insulin resistance, and impaired wound healing. The genetic background is characterized by an autosomal recessive point mutation in the leptin receptor gene on chromosome 4.
14 This mutation promotes abnormal splicing creating a stop codon that shortens the intracellular domain of the receptor. 15 Age-matched, female control mice were obtained from the same colony but were heterozygous for the diabetes allele (n ϭ 25; 20 to 25 g). All mice had free access to tap water and rodent chow and were housed individually in a temperature-controlled animal facility with a 12-hour light/dark cycle. The study protocol was approved by the Administrative Panel on Laboratory Animal Care of Stanford University.
Wound Model
Mice were anesthetized using an intraperitoneal injection of ketamine (80 mg/kg, Abbott Laboratories, Chicago, IL) and xylazine (16 mg/kg, Ben Venue Laboratories, Bedford, OH). The dorsal surface was shaved, washed with povidone-iodine solution (Professional Disposables Inc., Mount Vernon, NY), and rinsed with an alcohol swab (Kendall Health Care, Mansfield, MA). Then a disposable 0.8-cm diameter skin punch biopsy tool (Acuderm Inc., Fort Lauderdale, FL) was used to create a full-thickness excisional wound down to the fascia. To improve adherence of the wound dressing, tincture benzoin (Paddock Laboratories, Minneapolis, MN) was applied to the perimeter of the wound and allowed to dry. Finally, the wound was covered with a transparent, bioocclusive dressing (Opsite, Smith and Nephew Medical Limited, Hull, England) thereby creating a moist wound chamber environment. All animals were given 1.0 ml of 0.9% saline solution intraperitoneally at the end of the surgical procedure and cages were placed on a heating pad until mice fully recovered from anesthesia. Substances tested were superfused over the wound using a 30-gauge needle inserted through the Opsite dressing (total volume 0.1 ml). Solutions were prepared immediately before use and applied once daily for 7 days.
In Vivo Protocols
Effect of Nicotine on Wound Healing
The impact of nicotine (10 Ϫ8 mol/L and 10 Ϫ9 mol/L) on wound healing was analyzed in diabetic and control mice and compared to vehicle (phosphate-buffered saline, PBS). Each group consisted of five animals. Solutions of nicotine (free base) were prepared in PBS. Nicotine concentrations of 10 Ϫ8 mol/L and 10 Ϫ9 mol/L were chosen based on our previous observations that intramuscular injections of these doses stimulated the maximum angiogenic response in an ischemic hind-limb model. 11 In diabetic animals basic fibroblast growth factor (bFGF, 25 g/kg; equals 1.5 ϫ 10 Ϫ9 mol/kg) was used as a positive control to compare the effects of nicotine with an established angiogenic growth factor.
Role of nAChRs in Wound Healing
In diabetic animals the effect of hexamethonium (10 Ϫ4 mol/L), an antagonist of nAChRs, was tested in the presence of nicotine 10 Ϫ8 mol/L (n ϭ 5). In addition, we studied whether the effects of nicotine were mimicked by epibatidine (10 Ϫ10 mol/L), an agonist with a 100-fold greater affinity for nAChRs than nicotine (n ϭ 5). All drugs mentioned were purchased from Sigma Chemicals, St. Louis, MO.
Effect of Nicotine on Wound Vascularity
To determine the effects of nicotine on wound vascularity over time, the following experiment was performed. After wounding, diabetic mice (n ϭ 30) were topically treated with either PBS or nicotine 10 Ϫ8 mol/L (each, n ϭ 15). Animals were euthanized at day 5, 9, or 14 (each, n ϭ 5) and wounds were resected for further analysis. Before sacrifice, space-filling carboxylate-modified fluorescent microspheres (FluoSpheres, 0.2 m, 5.3 ϫ 10 12 particles/ml, Molecular Probes, Eugene, OR) were injected into the left ventricle to visualize neovascularization in the healing wound.
Analysis of Wound Closure and Vascularity
Histomorphometry
Wound closure was documented with a digital camera (Nikon Coolpix 995, Nikon, Japan) on day 0, 5, 9, and 14. Images were analyzed using National Institute of Health (NIH) image 1.60 software by tracing the wound margin with a fine resolution computer mouse and calculating pixel area. A circular filter paper the same diameter as the original wound served as a reference on every image for assessment of wound healing. Measurements were performed in duplicate and mean values of consecutive tracings were computed and expressed as percentage of closure from the original wound.
Animals were euthanized on day 14 and the entire wound, as well as a ϳ5 mm margin of surrounding normal skin, was excised to the level of the fascia and placed in 10% formalin. Tissue blocks were embedded in paraffin, and 5 m sections from the mid-portion of the wound were stained with hematoxylin-eosin and Masson's trichrome stain (Sigma, St. Louis, MO). Histological scoring was performed in a blinded fashion by two surgical pathologists according to the method described by Greenhalgh et al. 3 Each slide was given a histological score ranging from 1 to 12: 1-3, none to minimal cell accumulation, no granulation tissue or epithelial travel; 4 -6, thin, immature granulation that is dominated by inflammatory cells but has few fibroblasts, capillaries, or collagen deposition, minimal epithelial migration; 7-9, moderately thick granulation tissue, can range from being dominated by inflammatory cells to more fibroblasts and collagen deposition, extensive neovascularization, epithelium can range from minimal to moderate migration; 10 -12, thick, vascular granulation tissue dominated by fibroblasts and extensive collagen deposition, epithelium partially to completely covering the wound.
Fluorescence Microscopic Evaluation of Wound Vascularity
Resected wounds from diabetic mice sacrificed at different time-points (day 5, 9, or 14) were embedded in Tissue Tek (Sakura Finetek Inc., Torrance, CA) and stored at Ϫ80°C. Cross-sections (10 m) were made from the mid-portion of each wound using a cryostat. Tissue slides were fixed in acetone and analyzed in blinded fashion by fluorescence microscopy (magnification, ϫ200; Laborlux S, Leitz, Wetzlar, Germany). Slides were scanned from the margin to the center of the wound. For each slide, three images with the greatest signal intensity from different areas of the cross-section were captured with a digital camera (Nikon Coolpix 995). Image analysis software (Image-Tool 2.02, University of Texas Health Sciences Center at San Antonio (UTHSCSA), San Antonio, TX) was used to quantitate fluorescence intensity. The mean percentage of fluorescent pixels of three images served as an index of angiogenic response.
In Vitro Protocol
A modified angiogenesis assay previously described by Chen et al 16 was used to examine the effects of nicotine on angiogenesis in vitro. Briefly, thoracic aortae were harvested from control mice and diabetic animals (each, n ϭ 10). After removal of fatty tissue and the adventitia under microscopic visualization the aorta was cut into thin rings. The ends of each aorta were discarded because they were manipulated during preparation and cutting. Vascular segments (ϳ2.0 mm 2 ) were placed in four chamber slides (Nalge Nunc Int. Corp., Naperville, IL) covered with growth factor reduced Matrigel (100 l/well, Becton Dickinson, Franklin Lakes, NJ). The endothelium faced the bottom of each chamber. Explants were sealed in place with an overlay of 20 l of Matrigel. Rosswell Park Memorial Institute medium (RPMI 1640, GIBCO, Carlsbad, CA) containing 2% fetal bovine serum, penicillin (100 IU/ml), and streptomycin (100 g/ml) was added to each chamber (750 l/well). Tissues were incubated for 8 days at 37°C in a 95% O 2 /5% CO 2 atmosphere, culture medium was changed daily. Explants were either treated with vehicle (medium), or medium containing nicotine (10 Ϫ8 mol/L). After 2 to 3 days, capillary-like sprouting into the Matrigel layer was observed. The endothelial origin of the outgrowths was confirmed by CD31 staining (rat antimouse, Caltag Laboratories, Burlingame, CA). Sprouting was analyzed under an inverted microscope (magnification, ϫ50; Labovert FS, Leitz, Wetzlar, Germany) after 4, 6, and 8 days, and digitalized images were stored on a computer. Image analysis was performed using ImageTool 2.02 software by modifying a method described by Stiffey-Wilusz et al. 17 After system calibration and image pre-processing (smoothing with Gaussian filter) thresholding was performed until all sprouts were clearly outlined. Thresholding converted the grayscale picture into a binary image containing black and white pixels. Sprouting was calculated as the sum of black pixels in the traced area. The explant itself was subtracted from the pixel calculation. Pixel counts were then related to the explant area and expressed as kilopixels/mm 2 . All measurements were performed in duplicate and mean values were computed.
Statistical Analysis
All data are given as mean Ϯ SEM. Statistical significance was tested using analysis of variance or two-tailed Student's t-test for unpaired or paired comparisons between groups. Pearson correlation coefficients were calculated when indicated. Statistical significance was ac- 
Results
Effect of Nicotine on Wound Healing
At day (Figure 1c ). In contrast, wound healing was markedly impaired in diabetic animals. Vehicle-treated mice only achieved 15.5 Ϯ 4.4% wound closure after 14 days (Figure 1, a and  b) . This observation corresponded with a low histological score of 2.2 Ϯ 1.0 (Figure 1c) . Application of nicotine (10 Ϫ8 mol/L or 10 Ϫ9 mol/L) significantly accelerated wound healing after 5 days. By day 14, this effect was most significant (15.5 Ϯ 4.4% vs. 56.7 Ϯ 6.2% vs. 77.0 Ϯ 6.3%, vehicle vs. nicotine 10 Ϫ9 mol/L and 10 Ϫ8 mol/L, P Ͻ 0.001, Figure 1, a and b) . Consistent with these findings the histological score of wounds from mice treated with nicotine was significantly higher (2.2 Ϯ 1.0 vs. 6.3 Ϯ 2.4 vs. 6.1 Ϯ 2.1, vehicle vs. nicotine 10 Ϫ9 mol/L and 10 Ϫ8 mol/L, P Ͻ 0.05, Figure 1c ). The degree of wound closure elicited by nicotine was similar to the positive control bFGF (Figure 1, a and b) . By day 14, wound closure in bFGF-treated animals was 75.7 Ϯ 5.3% and histological score was 9.6 Ϯ 1.3 ( Figure 1, a-c) .
Histology further revealed increased cellular infiltration and granulation tissue in nicotine-treated wounds ( Figure  2 ). In addition, nicotine-augmented collagen deposition as shown by trichrome staining. Finally, nicotine increased the number of capillary vessels per high power field.
Role of nAChRs in Wound Healing
Hexamethonium (10 Ϫ4 mol/L) significantly inhibited the effect of nicotine (10 Ϫ8 mol/L) on wound healing ( Figure  3a) . Wound closure achieved after 14 days was only 35.0 Ϯ 4.4% compared to 77.0 Ϯ 6.3% in animals treated with nicotine alone (P Ͻ 0.01). The histological score with hexamethonium treatment also tended to be lower compared to nicotine treatment alone (3.7 Ϯ 1.0 vs. 6.1 Ϯ 2.1, Figure 3b ).
Epibatidine (10 Ϫ10 mol/L) significantly accelerated wound healing in diabetic animals (Figure 3a) . Wound closure rate after 14 days was 75.0 Ϯ 6.2%, histological score was 7.7 Ϯ 1.4 (Figure 3b) . Overall, the impact of epibatidine on wound healing was similar to either nicotine 10 Ϫ8 mol/L or bFGF.
Effect of Nicotine on Wound Vascularity
Wound angiogenesis was analyzed in 30 diabetic mice treated with either vehicle (PBS) or nicotine 10 Ϫ8 mol/L (each, n ϭ 15) (Figure 4 ). Animals were sacrificed on day 5, 9, or 14 (each, n ϭ 5) after injection of fluorescent microspheres to visualize neovascularization in the resected wounds. Again, nicotine accelerated the degree of wound healing compared to mice treated with vehicle and this effect became significant by day 9 after wounding (day 5: 9.9 Ϯ 3.1% vs. 20.4 Ϯ 4.3%, p ϭ n.s.; day 9: 18.7 Ϯ 4.3% vs. 49.1 Ϯ 6.5%, P ϭ 0.013; day 14: 24.2 Ϯ 5.3% vs. 64.5 Ϯ 7.8%, P ϭ 0.003).
Nicotine significantly enhanced wound vascularity as assessed by the percentage of the pixels in each image that were fluorescent (day 5: 3.31 Ϯ 1.51% vs. 3.66 Ϯ 0.97%, p ϭ n.s.; day 9: 6.39 Ϯ 1.57% vs. 13.62 Ϯ 1.47%, P ϭ 0.015; day 14: 4.94 Ϯ 0.82% vs. 13.78 Ϯ 2.43%, P ϭ 0.007, Figure 4 , a-c). The percentage of fluorescence significantly correlated with the degree of wound closure in animals sacrificed after 9 or 14 days (r ϭ 0.79, P ϭ 0.002 and r ϭ 0.63, P Ͻ 0.05).
Effects of Nicotine on Angiogenesis in Vitro
Capillary-like sprouting (CLS) of thoracic aortic explants was analyzed in control animals and diabetic mice (each, n ϭ 10) ( Figure 5 ). Two segments were taken from each animal and treated once daily with either vehicle (medium) or medium containing nicotine 10 Ϫ8 mol/L. The average explant area was 2.2 Ϯ 0.2 mm 2 and did not differ between treatment groups. By day 4, CLS into the Matrigel layer was documented (Figure 5a ). CD31 staining confirmed the endothelial origin of the outgrowths ( Figure  5b ). Nicotine significantly enhanced CLS of vascular explants from control animals by day 6 of treatment compared to vehicle (day 4: 3.6 Ϯ 0.5 vs. 2.6 Ϯ 0.4 kilopixel/mm 2 , P ϭ 0.095; day 6: 9.8 Ϯ 0.6 vs. 5.7 Ϯ 0.5 kilopixel/mm 2 , P Ͻ 0.001; day 8: 11.1 Ϯ 0.9 vs. 6.2 Ϯ 0.7 kilopixel/mm 2 , P Ͻ 0.001, Figure 5c ). Outgrowth was markedly impaired in vascular explants from diabetic animals that were treated with vehicle (P Ͻ 0.05 vs. vehicle-treated explants from control animals for all timepoints). Again, treatment with nicotine significantly enhanced CLS from day 6 on (Figure 5d ).
Discussion
The major findings of this study are as follows: nicotine accelerates wound healing in diabetic mice as assessed by the degree of wound closure and histological score; the effects of nicotine on wound healing are mediated by nAChRs as the nAChR agonist epibatidine mimics, whereas the antagonist hexamethonium blocks the action of nicotine; and nicotine-induced wound healing is mediated, at least in part, by its effects to increase wound angiogenesis.
Angiogenesis is a tightly regulated, dynamic process playing an essential role in wound healing. Proteases released from activated endothelial cells lead to degradation of extracellular matrix proteins paving the way for endothelial cells to migrate into the interstitial space. Recruited cells then proliferate and differentiate into mature blood vessels that sprout into the wound area. 1 In later stages of the wound healing process deposition of collagen in the granulation tissue reduces the density of blood vessels leading to scar formation. The angiogenic response is initiated, maintained, and terminated by a variety of factors such as cytokines, growth factors, matrix metalloproteinases, and adhesion molecules, to name but a few.
We recently discovered that nicotine is a potent angiogenic agent both in vivo and in vitro. 11 Nicotine stimulated migration, proliferation, and tube formation of endothelial cells in vitro, all of which are major steps of angiogenesis. 18 The findings in the present study are consistent with our previous work and reports from other investigators showing that nicotine stimulates DNA synthesis and proliferation of endothelial cells in vitro. 13, 19 The mechanisms by which nicotine induces angiogenesis are likely multifactorial. Nicotine has been shown to directly alter the activity of endothelial nitric-oxide synthase and the release of prostacyclin in endothelial cells lines derived from dogs and humans. 20 -22 Furthermore, nicotine is known to induce changes in the release of growth factors such as of bFGF and TGF-␤ 1 . 23, 24 Most recently, it was shown that nicotine and its major metabolite cotinine up-regulate the expression of vascular endothelial growth factor (VEGF) in endothelial cells. 25 Changes in the expression of VEGF elicited by nicotine may help to explain the effects of this agent on atherosclerotic plaque neovascularization and tumor angiogenesis previously reported by our group. In this study the nAChR agonist, nicotine, significantly accelerated wound healing in diabetic mice. Nicotinic AChRs are widely expressed in human skin and are representatives of a diverse superfamily of pentameric, ligand-gated ion channels. 26 Combinations of the various subunits offer a wide spectrum in both structure and function of the receptor. The endogenous ligand of the receptor is the nerve transmitter acetylcholine, which is abundant in human skin. Endothelial cells are also capable of making acetylcholine, 12, 27 which may act in an autocrine or paracrine manner to stimulate endothelial cell proliferation and angiogenesis (unpublished observations from our group).
The effect of nicotine to accelerate wound healing in diabetic mice appears to be mediated through nAChRs, as its effects were mimicked by the nAChR agonist epibatidine, and inhibited by the nAChR antagonist, hexamethonium. Furthermore, the effect of nicotine is mediated, at least in part, by stimulation of wound angiogenesis. Histology revealed greater vascularity in nicotine-treated wounds. This was confirmed by the fluorescent microsphere studies.
These microspheres (0.2 m) fill the microvasculature; accordingly, the intensity of the fluorescent signal in the wound is a direct reflection of the intravascular space in the tissue. As further confirmation of the angiogenic effects of nicotine, we studied capillary sprouting from vascular explants ex vivo. Capillary sprouting was impaired in vascular segments of diabetic mice. Nicotine significantly increased capillary sprouting, consistent with an angiogenic effect. To date, transdermal applications of nicotine have been predominantly used for tobacco cessation, and have been under investigation for neurological disorders such as Alzheimer's or Parkinson's disease. 28 -30 In addition, nicotine has been applied to the treatment of patients suffering from recurrent aphthous ulcers or active ulcerative colitis. 31, 32 Case reports have described the use of nicotine for pemphigus and pyoderma gangrenosum. 33, 34 From a historical point of view, leaves or extracts of tobacco plants have been used in the management of wound treatment by shamans and native healers. The French ambassador to Portugal, Jean Nicot de Villemain, introduced the plant in Europe and wrote about the me- dicinal properties of tobacco in 1560. 35 He described tobacco as a panacea and successfully treated an acquaintance's face wound with the plant. His name was later given to the tobacco plant (Nicotiana tabacum) and to the stimulating alkaloid, nicotine.
Conversely, apart from these isolated reports and historical anecdotes, there has been a consensus in the medical and scientific community that tobacco use impairs wound healing. Indeed, a recently published clinical trial demonstrates that preoperative smoking intervention significantly reduces the occurrence of postoperative woundrelated complications in smokers undergoing elective surgery. 36 This study would appear to conflict with our observations. However, nicotine is but one of over 4000 chemical constituents of cigarette smoke. The physiological effects of nicotine and cigarette smoke may, in fact, be very distinct. In a study of 80 healthy volunteers and 6 patients with peripheral vascular disease nicotine, chewing gum (2 mg chewed over 15 minutes) significantly increased cutaneous blood flow and skin temperature. 37 By contrast, in 24 smokers, a decrease in cutaneous blood flow and skin temperature was observed after they smoked two cigarettes each containing 1.1 mg nicotine. 38 Apart from enhancement of wound angiogenesis, other mechanisms may contribute to nicotine-induced wound healing. Nicotinic AChRs are expressed by epidermal keratinocytes and activation of these receptors by short-term exposure to nicotine or cholinergic agonists has been shown to stimulate keratinocyte proliferation, migration, and differentiation all of which are critical steps in the re-epithelialization of healing skin. 39, 40 Furthermore, nicotine, and nAChRs agonists like epibatidine are well known for their potent anti-nociceptive and analgesic properties. 41 The level of pain and distress may well have an impact on wound healing as shown in animal studies in which nicotine prolonged tail-flick withdrawal latencies in rats challenged with noxious radiant heat stimuli. 42 In these experiments, nicotine-accelerated wound healing of experimentally induced blisters, an effect attributed to the analgesic properties of nicotine.
To conclude, this paper is the first to demonstrate that nicotine enhances wound healing in genetically diabetic mice. The effects on wound healing are, in part, related to the stimulation of angiogenesis by nicotine, an effect which is mediated by nAChRs. Therapeutic stimulation of these receptors may represent a novel approach in the treatment of wounds, particularly in diabetic patients.
